Summary: Intracranial hemorrhage is the third most common cause of stroke and involves the accumulation of blood within brain parenchyma or the surrounding meningeal spaces. Accurate identification of acute hemorrhage and correct characterization of the underlying pathology, such as tumor, vascular malformation, or infarction, is a critical step in planning appropriate therapy. Neuroimaging studies are required not only for diagnosis, but they also provide important information on the type of hemorrhage, etiology, and the pathophysiological process. Historically, computed tomography (CT) scan has been the diagnostic imaging study of choice; however, there is growing evidence suggesting that magnetic resonance imaging (MRI) is at least as sensitive as CT to detect intraparenchymal hemorrhages in the hyperacute setting, and actually superior to CT in the subacute and chronic settings. Unique MRI and CT characteristics differentiate secondary causes of hemorrhage from the more common hypertensive hemorrhage. Baseline and serial studies can be used to identify patients who might benefit from acute interventions. In addition, new imaging modalities, (such as magnetic resonance spectroscopy, diffusion tensor imaging, and 320-row CT) are promising research techniques that have the potential to enhance our understanding of the tissue injury and recovery after intracranial hemorrhages.
INTRODUCTION
Intracranial hemorrhage (ICH) is the third most common cause of stroke (after ischemic and embolic strokes) and involves the accumulation of blood within brain parenchyma or the surrounding meningeal spaces [1] . Hemorrhage within the meninges or the associated potential spaces includes epidural hematoma (EDH), subdural hematoma (SDH), and subarachnoid hemorrhage (SAH). The etiology of ICH is multifactorial and varies with a person's age and predisposing factors (Table 1) . This review will summarize the recent technical advances in neuroimaging ICH with respect to establishing a cause and therapeutic choices.
ROLE OF NEUROIMAGING
The major neuroimaging goal in suspected ICH is to identity hemorrhage with very high sensitivity and specificity. Accurate identification of acute ICH and correct characterization of underlying pathology, such as tumor, vascular malformation, or infarction, is a critical step in planning appropriate therapy. Before the advent of recent imaging modalities, the diagnosis of ICH was based on clinical presentation and indirect angiographic findings. Confirmation could only occur after death [2] . The introduction of the computed tomography (CT) scan significantly altered the clinical approach to ICH by providing high diagnostic sensitivity for acute lesions [3] . This imaging procedure remains the standard in many institutions because it is readily available, applicable to almost any patient, and produces results which are relatively easy to interpret. However, as proton magnetic resonance imaging (MRI) becomes more readily available and as pulse sequences optimally sensitive to hemorrhage become standardized, the advantages of MRI over CT become more evident [4] .
CT scan
The CT scan has traditionally been used in the diagnostic workup of ICH. There is a linear relationship between CT attenuation (hyperdensity) and hematocrit values. The attenuation of whole blood (hematocrit, 45%) is ∼56 Hounsfield units (HU), whereas the attenuation of normal gray matter ranges from 37 to 41 HU, and normal white matter from 30 to 34 HU. Thus, a new ICH in a patient with normal hematocrit can be easily demonstrated on CT scan [5] .
Advantages and disadvantages of the CT scan [5] . The CT scan is a rapid, relatively easy, noncumbersome imaging modality that is accurate in most regions of the brain in non-anemic patients. The disadvantages of this technique are:
& Since increased attenuation of whole blood is based primarily on the protein concentration of the blood (hemoglobin), hemorrhage associated with hemoglobin values 10 g/dl may be undetectable based on density alone. Likewise, in infants with high hematocrit and in patients with polycythemia, the sinuses and vessels may appear abnormally dense. & Lesions in the brain stem may be obscured by beam hardening artifact. & Thin, flat collections of blood (particularly subarach- Hypertensive; rupture of small arterioles related to degenerative changes induced by uncontrolled hypertension [54] .
Secondary intraparenchymal hemorrhage
Cerebral amyloid angiopathy Rupture of small and medium-sized arteries, with deposition of β-amyloid protein; presents as lobar hemorrhages in persons older than 70 years of age [54] .
Hemorrhagic infarction
Hemorrhage in region of cerebral infarction as a result of ischemic damage to blood-brain barrier [54] . Anticoagulation related hemorrhage Intrinsic coagulation disorders Similar pathophysiology as primary intraparenchymal hemorrhage; typically affects patients with vasculopathies related to either chronic hypertension or cerebral amyloid angiopathy, which might represent exacerbation of an existing risk of clinical and subclinical disease [55] . Substance abuse (cocaine, amphetamine, ecstasy, PCP, decongestants and appetite suppressants)
Underlying vascular abnormalities may be present [54] .
Infective endocarditis
Secondary to formation of septic aneurysm, which is usually in distal arterial branches [7] .
Vasculitis
Rupture of small or medium-sized arteries with inflammation and degeneration [54] .
Moyamoya syndrome
Involves occlusion of major vessels with formation of collateral vessels which are small, weak, and prone to hemorrhage, aneurysm and thrombosis [56] .
Cerebral venous sinus thrombosis
Result of hemorrhagic venous infarction [54] .
Tumors
Results of necrosis and bleeding within hypervascular neoplasms [54] . Head trauma Secondary to traumatic brain injury.
Aneurysm
Rupture of saccular dilatation from a medium-sized artery that is usually associated with SAH [54] .
Arteriovenous malformation
Rupture of abnormal small vessels connecting arteries and veins [54] .
Venous angioma
Rupture of abnormal dilatation of venules [54] .
Cavernous angioma
Rupture of abnormal capillary-like vessels with intermingled connective tissue [54] .
Subarachnoid hemorrhage
Aneurysm Arteriovenous malformation Non-aneurysmal perimesencephalic hemorrhage Dural malformation Trauma Vascular dissection Similar pathophysiology as above with extension to subarachnoid space. Perimesencephalic non-aneurysmal subarachnoid haemorrhage is a benign variant of unknown (probably venous) cause, with the centre of bleeding most commonly located in the prepontine cistern [19] .
Subdural hemorrhage
Rupture of bridging veins [57] .
Epidural hemorrhage
Arterial EDHs usually result from laceration of branches of the meningeal arteries, whereas venous EDHs result from a tear in the dural venous sinuses [19] .
noid and extracerebral hemorrhages) may not be visualized because of partial volume averaging. & The differential diagnosis of hemorrhagic infarction versus hemorrhagic tumor can be difficult. & An enhancing ring in an uncomplicated ICH may appear from approximately 6 days to 6 weeks after the initial event and can be diagnostically challenging as the differential diagnosis of a ring-enhancing lesion may include tumor, abscess, infarction, and multiple sclerosis.
Magnetic resonance imaging
The CT scan has been widely considered to be the gold standard of modalities used to image brain hemorrhage because of the assumed low sensitivity of MRI for intracranial blood. However, the findings of the Hemorrhage and Early MRI Evaluation (HEME) study suggest that MRI may be as accurate as CT scan in detecting acute bleeding in the brain in patients showing signs of stroke, and actually more accurate than CT in revealing chronic bleeding in the brain, particularly microbleeds [4] . Researchers stopped the HEME study early after an interim analysis revealed that MRI had a higher sensitivity than CT for detecting ICH: in diagnosing any type of bleeding, MRI identified 71 patients with any grade of ICH, while CT scan identified 29 patients with any grade of ICH. Acute ICH was diagnosed in 25 participants on both MRI and CT images, with four additional patients identified on MRI scans not found in the corresponding CT scan. Chronic bleeding, most often microbleeds, was visualized on 49 patients on the MRI scans, although not identified on corresponding CT scans. These findings complement another recently published study performed by the German Stroke Competence Network which suggest that MRI is as accurate as CT for the detection of hyperacute hemorrhage [6] .
Goals of MRI in the evaluation of ICH. MRI localizes and differentiates ICHs into intra-axial (intraparenchymal and intraventricular) and extra-axial hemorrhage (SAH, SDH, and EDH). In the case of intraaxial hemorrhage, the multi-planar display of MRI helps to accurately locate the specific neuro-anatomic site [2, 7] . The oxidation state of iron within hemoglobin changes as the molecules complete their transformation from intracellular oxygenated hemoglobin to hemosiderin. These various oxidation states of iron produce different signal intensities on MRI scans and allow the age of the hematoma to be estimated [7] . MRI also helps to identify the etiology, aids in the management, and provides information for prognostication [2] .
PATHOPHYSIOLOGY OF ICH
There is a well-described pathophysiological process of evolution and resorption for ICH that involves five distinct phases: hyperacute (<12 h); acute (12 h to 2 days); early subacute (2-7 days); late subacute (8 days to 1 month); chronic (>1 month to years). This process of evolution and resorption is directly or indirectly influenced by many factors, including the location of the hematoma, specific etiology, size, and a wide range of biological factors, including co-morbid diseases, general physique, medical treatment and interventions, hematocrit, and pH level [5, [7] [8] [9] .
Hyperacute hematoma is a mixture of normal biconcave red blood cells (RBC), white blood cells, and platelets. Intracellular hemoglobin remains oxygenated during this stage. In the acute phase, RBCs lose their energy and shrink, but their membrane remains intact. Intracellular hemoglobin starts deoxygenating during this phase. The subacute phase involves the transformation of deoxygenated hemoglobin into methemoglobin. Initially, the red cell membrane remains intact, leading to the accumulation of intracellular methemoglobin, but in the late subacute phase, the membrane is degraded, and methemoglobin is released into the extracellular space. The chronic phase involves the conversion of methemoglobin into hemosiderin and ferritin, which is stored in macrophages [9, 10] . 
NEUROIMAGING OF HEMORRHAGE AND VASCULAR DEFECTS

MRI features and evolution of ICH
The MRI appearance of hemorrhage is influenced by both the diamagnetic or paramagnetic properties of iron and the integrity of the RBC membrane. Diamagnetic substances do not have unpaired electrons in the atomic and molecular orbitals and, therefore, they reduce the magnitude of the magnetic field. On the contrary, paramagnetic substances have unpaired electrons, and they do augment an applied magnetic field when exposed to such a field [11] .
Iron is diamagnetic when oxygenated and paramagnetic when deoxygenated [7] . In its paramagnetic state, it creates a dipole-dipole interaction that shortens the T1 and T2 relaxation times, with a greater effect on T1-weighted images than on T2-weighted images. As long as the RBC membrane remains intact, iron atoms are compartmentalized, which causes inhomogeneity of the magnetic field, loss of phase coherence, and shortening of T2 relaxation time, all of which cause a susceptibility effect. When the RBC membrane degrades, iron is evenly distributed between the intracellular and extracellular compartments, and this susceptibility effect is lost [11, 12] . Table 2 describes the evolution of hemorrhage on MRI and CT based on the degradation of hemoglobin and the diamagnetic and paramagnetic properties of its products.
Intraparenchymal hemorrhage
Intraparenchymal hemorrhage accounts for 8-15% of all strokes and is the most lethal form of stroke [13] . The mortality rate is almost 50% within the first month, and only 20% of the patients are able to live independently at 6 months from onset [14] . Rapid recognition and diagnosis are essential because of the frequently rapid progression during the first several hours of ictus [15] . Intraparenchymal hemorrhages are broadly classified into primary (spontaneous) and secondary intraparenchymal hemorrhage [2] . Neuroimaging helps to accurately identify, localize, and predict etiology that eventually influences clinical decisionmaking. Serial MRI and CT scans can be helpful in identifying patients who can potentially benefit from acute neurosurgical interventions [2] . Various radiological features also predict functional outcome after intraparenchymal hemorrhage, including hematoma volume, midline shift, infratentorial location, intraventricular extension, and development of hydrocephalus [16, 17] . Primary intraparenchymal hemorrhage. Classification of primary intraparenchymal hemorrhage is typically based on the anatomic location. The most common sites [2, 18] of origin of primary intraparenchymal hemorrhage are:
1. Striatocapsular (30-50%) 2. Lobar (20-40%) 3. Thalamic (10-20%) 4. Cerebellar (7-12%) 5. Pontine (2-8%) 6. Intraventricular (1-3%). Table 3 describes the value of neuroimaging in the diagnostic assessment, clinical management, and prognostication of patients with primary intraparenchymal hemorrhage in each of these locations. All primary hemorrhages are secondary to hypertension, although some reviews included cerebral amyloid angiopathy as one of the causes of primary intracerebral hemorrhage [19] . FIG. 1 illustrates various examples of primary intraparenchymal hemorrhage.
Secondary intraparenchymal hemorrhage.
Multiple factors other than chronic hypertension can cause intraparenchymal hemorrhage. The identification of underlying secondary etiologies is difficult in the acute setting, but it may be critical in some cases to avoid subsequent complications. Neuroimaging can be helpful for distinguishing secondary causes of hemorrhages, and certain neuroimaging features can identify patients at high likelihood of secondary causes. Table 4 describes various causes of secondary intraparenchymal hemorrhage and useful discriminating points on neuroimaging. FIG. 2 shows some examples of secondary intraparenchymal hemorrhage.
Subarachnoid hemorrhage and intracranial aneurysm
CT scan has been used to diagnose SAH since its availability. In addition to rupture of intracranial aneurysm, other causes of SAH include secondary leakage of blood from a primary intraparenchymal hemorrhage, Table 5 DWI=Diffusion weighted image, BBB=blood brain barrier, MRA= magnetic resonance angiography. trauma, intracranial arteriovenous malformation (AVM), hemorrhagic tumor, dural AVM, blood dyscrasias or bleeding diatheses, amyloid angiopathy, moyamoya disease, or complications of pregnancy [5] . Traumatic brain injury is the most common cause of SAH. Typical locations for SAH after head trauma are the interpeduncular cistern, Sylvian fissure, or over the cerebral convexity [20] . The most common cause of atraumatic SAH is ruptured aneurysm which, if left untreated, has a 60-70% rate of mortality and morbidity [7] . 15% of patients with SAH do not have an underlying aneurysm or another etiology on angiography [5] . The evolution of SAH is different from that of other types of hemorrhages. SAH is a mixture of RBCs and other blood products with cerebral spinal fluid (CSF). The RBCs are either extravasated into the vascular system or phagocytized by leptomeningeal macrophages, resulting in the release of hemoglobin into the CSF [19] . The high oxygen content of SAH ensures slow degradation. This unique mixture of CSF and SAH has an impact on the appearance of the MRI scan. The elevated protein contents of bloody CSF causes a decrease in T1 signal and hyperintensity on T1-weighted images [21] [22] [23] . The susceptibility effect and T2 shortening may be absent in mild SAH as RBCs are resorbed before the formation of methemoglobin. For this reason, a CT scan is advocated for the early diagnosis of SAH [22, 24] . T2 shortening may occur in the case of massive SAH and in chronic and repeated SAHs secondary to superficial siderosis [5, 22] . Fluid-attenuated inversion recovery (FLAIR) is the most sensitive MRI pulse sequence for detecting SAH and is comparable to the CT scan in diagnosing acute SAH [25] [26] [27] [28] [29] [30] . SAH appears hyperintense CSF on fluidattenuated inversion recovery images. The gradient recalled echo (GRE) technique can also be helpful in detecting SAH. SAH appears as a hypointense area surrounded by hyperintense subarachnoid spaces on the GRE MRI pulse sequence [19, 31, 32] . The newer 3-dimensional CT angiography (CTA) and MR angiography (MRA) can facilitate the detection of very small aneurysms and are a good noninvasive alternative to digital subtraction angiography as a screening tool as well during the follow up after initial detection [33] [34] [35] . 
Vascular malformation
There are many vascular malformations that can be a potential cause of ICH. Vascular malformations are traditionally classified into four categories:
1. True AVMs 2. Capillary telangiectasias 3. Cavernous hemagiomas 4. Venous hemangiomas. MRI is very sensitive to flow abnormalities in vascular structures. This property makes MRI the ideal tool to detect vascular malformations. MRI can sometimes pick up lesions that are not even detected by angiography. Table 5 describes the unique imaging characteristics of different types of vascular malformations.
Subdural hematoma and epidural hematoma SDH can be traumatic or non traumatic. Nontraumatic SAH can be spontaneous without a precipitating cause, or it may be secondary to coagulopathy or antithrombotic therapy. These hemorrhages are most commonly seen along the cerebral convexities, the falx cerebri, and the tentorium cerebelli (FIG. 3) [19] . Like intraparenchymal hemorrhage, SDH has five distinct stages of evolution and, therefore, five appearances on MRI [24, 36] . Progression from one stage to another is slower because of the high vascularity of the dura, resulting in high oxygen tension and the slower degradation of hemoglobin. The major neuroimaging difference from intraparenchymal hemorrhage occurs in the chronic stage of SDH due to the formation of nonparamagnetic hemochromates. These are the product of continued oxidative denaturation of the methemoglobin. A hemosiderin rim is characteristically seen surrounding the SDH due to the absence of tissue macrophages.
EDHs usually occur after acute head trauma, and the clinical presentation might be delayed (FIG. 3) . Arterial EDHs usually result from injury to the branches of the meningeal arteries, whereas venous EDHs may result from a tear in the dural venous sinuses. Venous EDHs are more commonly seen in children and can develop more slowly, with less acute symptoms, than arterial EDH [19] . EDHs evolve in manner similar to that of SDHs. EDHs are differentiated from SDH on the basis of their classic biconvexity versus medially concavity and on the basis of the intensity of the fibrous dura matter [19, 24] . No dilution with CSF occurs as EDH is separated from CSF by thick dura. A rapidly enlarging arterial EDH can cause a midline shift, culminating in herniation and possible secondary ischemia. Neuroimaging can be life saving in these cases [37] .
NEW IMAGING TECHNIQUES
New imaging techniques have provided insight into the pathophysiology of ICH. Various imaging techniques are employed to study ongoing secondary neuronal injury in the perihematomal region, including positron emission tomography (PET), single photon emission computed tomography (SPECT), MR perfusion, and CT [19, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Specifically, the results of PET studies have not shown evidence of hypoxia or ischemia (i.e., normal oxygen extraction fraction and 18 F-fluoromisonidazole uptake) surrounding the intraparenchymal hemorrhage. Therefore, the most prevalent hypothesis to account for perihematomal hypoperfusion is secondary metabolic failure [19] . Several additional neuroimaging techniques, including diffusion tensor imaging, magnetic resonance spectroscopy, and near infrared spectroscopy, have shown immense potential [19] . Near infrared spectroscopy can potentially identify subdural and epidural hematomas in the field or at the bedside in patients with head trauma [49, 50] . Diffusion tensor imaging, by utilizing its property of visualizing white matter tracts, can be very helpful to understand the potential of motor recovery through the assessment of the integrity of the corticospinal tract in the acute, subacute, and chronic stages of intraparenchymal hemorrhage [51] . It also shows a characteristic pattern of tissue degeneration in hemorrhage secondary to amyloid angiopathy [52] . Preliminary clinical experience with recently introduced 320-row CT that enables dynamic CT angiography (4-dimensional CTA) of the entire intracranial circulation and whole-brain perfusion imaging indicates that 320-row CT is a technically robust procedure suitable for comprehensive neuroimaging of acute stroke patients. It can provide dynamic angiographic and perfusion data of the whole brain and can deliver additional diagnostic information not available by the standard CT scan [53] . Other potential goals of neuroimaging include imaging-guided therapy that targets specific stages of injury, use of high-strength magnets to detect micro-hemorrhages and cerebrovascular amyloid, and use of tissue probes and imaging biomarkers of inflammation, edema, and excitotoxicity [19] .
CONCLUSION
Neuroimaging of ICH is a rapidly evolving field. It plays a critical role in the diagnosis and facilitates the localization, management, and prognostication. It also gives an insight into the mechanism of the injury. New techniques, including magnetic resonance spectroscopy and diffusion tensor imaging, are promising and will help us in understanding the dynamic pathophysiology of hemorrhage, its time course, and its recovery process. The use of real-time, high-field MRI with 3-dimensional imaging and high-resolution tissue probes can be helpful in establishing newer therapeutic options for acute ICH.
